INTRODUCTION
8 fertile: 19 sterile; χ 2 = 1.0.403; P < 0.05 for 3:1), suggesting that this sterile phenotype was also 136 caused by a single recessive mutation. T-DNA was found in both chromosomes for all of the sterile 137 plants, supporting our conclusion that the T-DNA insertion led to male sterility. 138
Defective Tapetum Cell Death 1 (DTC1) encodes a protein containing a development and cell 139 death (DCD) domain and KELCH repeats (Supplemental Fig. S1 ). Among the 11 members in the rice 140 genome that have this DCD domain, three proteins containing KELCH repeats are expressed in early 141 stages of anther development (NCBI Gene Expression Omnibus: GSE13988; Fujita et al., 2010) . One 142
Arabidopsis member, AT5g01660, is also expressed in the flowers, sperm cells, and embryos (Schmid 143 et al. 2005) . This suggests that they may play a conserved role during the formation of male 144 reproductive organs. Our RT-PCR analyses of developing anthers detected no DTC1 transcripts in 145 dtc1-1, implying that it is a null mutant. By comparison, a small amount of the transcript remained in 146 dtc1-2, suggesting that it is a knock-down allele (Fig. 1D) . 147
We found that the promoterless GUS, located within the T-DNA, was oriented in the same 148 direction as DTC1 in T-DNA-tagged line 1A-12132, thereby generating a translational fusion between 149 the two gene products (Fig. 1C ). Therefore, we were able to monitor its expression pattern by 150 measuring GUS activity. Here, analyses of the GUS enzyme showed that DTC1 was not expressed in 151 any of the vegetative cells but was specifically expressed in developing anthers between ST7 and 152 ST10 ( Fig. 2A) . Expression in the anthers was diminished at ST11, but activity was prominent in the 153 carpels at ST12 ( Fig. 2A) . Cross sections of anthers at ST8 and ST9 indicated that the signal was 154 limited in the tapetal cell layer (Fig. 2B, C) . This anther-preferential pattern of expression during 155 spikelet development helped to explain the male-sterile phenotype associated with the dtc1 mutants. 156
Our qRT-PCR analysis of DTC1 transcripts demonstrated that the gene was not expressed in
162
The dtc1 Anthers Are Defective at the Microspore Stage 163
164
To determine when these defects occur, we compared thin sections of anthers from dtc1-1 and WT 165 samples. During meiosis, the meiocytes formed dyads and tetrads at ST8 in WT anthers. At this time, 166 the tapetum was considerably changed due to development and differentiation. In particular, the 167 cytoplasm became condensed toward the middle layer at ST8a (Fig. 3A) . Afterward, the tapetum was 168 vacuolated, as evidenced by the partial staining of its cells at ST8b (Fig. 3B) . During that stage, the 169 middle layer began to shrink, making it difficult to continue our examination. From ST9, condensing 170 of the tapetum was accelerated and the cytoplasm was strongly stained (Fig. 3C ). At that stage, young 171 microspores were detached from the tetrads. At ST10, the tapetal cells started to degenerate and 172 microspores were enlarged and vacuolated (Fig. 3D ). By ST11, the tapetal cells had disappeared 173 almost entirely and the vacuolated pollen became bi-nucleus pollen grains (Fig. 3E ). At ST12, the 174 tapetal cell layer was completely absent and mature pollen grains were filled with starch granules (Fig.  175   3F) . 176
The dtc1 mutant anthers did not differ from those of the WT through ST9, with development and 177 vacuolation, as well as the formation of four-layer anther walls and progression from meiocytes to 178 microspores, being normal ( Fig. 3G-I ). However, phenotypic differences were obvious at ST10. 179
Compared with the WT, the tapetum layers in the mutant did not degenerate, but maintained their 180 original shape and became darker (Fig. 3J) . At the mature stages, the tapetal cells and middle layers 181
were not degraded, and remnants of the degenerated pollen were visible inside the locules (Fig. 3K, L) . 182
This indicated that DTC1 functions in the degeneration of the tapetum and middle layer. 183
We performed analyses with a transmission electron microscope to observe any subcellular defects. 184
At ST10, WT locules were filled with vacuolated pollen grains and the middle layer was greatly 185 diminished ( Fig. 4A) . By contrast, most of the pollen grains in the mutant had ruptured. The middle 186 layer was not degenerated and the mutant tapetum was thicker than that of the WT (Fig. 4B) Although pollen development was severely hampered in the dtc1 anthers, vacuolated pollens with a 188 globular shape were rarely observed (Supplemental Fig. S2A ). In the WT tapetum, the cytoplasm was 189 condensed and organelles were not easily identifiable (Fig. 4C) . Vestige-like stacks in the WT were 190 thought to be mitochondria and ER. In contrast, the dtc1-1 tapetum contained distinctive organelles, 191 such as mitochondria, ER, and plastids (Fig. 4D) . The tapetum surrounding the remaining pollen 192 grains from the mutant also contained those organelles (Supplemental Fig. S2B ). Ubisch bodies were 193 evenly spread along the inner surface of the WT tapetum (Fig. 4E) . The spheroid structure is a 194 mediator that transports tapetum-produced lipidic sporopollenin precursors to the microspores (Wang 195 et al., 2003) . However, we rarely noted any normal Ubisch bodies within the dtc1 tapetum (Fig. 4F) . 196
Smaller Ubisch bodies were occasionally found in the region where vacuolated pollen grains 197 remained (Supplemental Fig. S2C ). While this lack of Ubisch bodies affected the formation of exine 198 in the mutant, pollen grains from the WT developed well-organized pollen walls that comprised two 199 layers of tectum and nexine, as well as a rod-shaped bacula (Fig. 4G ). In contrast, dtc1 pollen grains 200 exhibited abnormal exine development ( Fig. 4H and Supplemental Fig. S2D , E); in severe cases, 201 debris from the pollen walls was indistinguishable (Fig. 4H ). Normal-appearing vacuolated pollen 202 also exhibited an irregular arrangement of exine. Finally, the tectum in the outer layer was thinner 203 than the nexine, and bacula development was uneven (Supplemental Fig. S2D, E) . 204
205

Mutation of DTC1 Causes a Defect in Tapetum Degeneration 206 207
Microscopic observations indicated that the mutant tapetal cells were apparently not degenerated. 208
Because they contained numerous mitochondria and other organelles that appeared normal, we 209
proposed that the process of cell death is delayed in the mutant. Tapetum degeneration is caused by 210 PCD, for which the best feature is cleavage of nuclear DNA. We, therefore, compared DNA 211 fragmentation with a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 212 (TUNEL) assay. In the WT, yellow-colored TUNEL signals were first seen at meiosis stage ST8a (Fig.  213 5B), and were increased at microspore stages ST8b and S9 (Fig. 5C, D) . Those signals then weakened 214 at ST10 (Fig. 5E ). However, in dtc1-1anthers, no positive TUNEL signals were detected at any stage 215 ( Fig. 5F-J) . Furthermore, positive signals were absent in the weak allele dtc1-2 during ST8 and ST9 216 (Fig. 5K-N) , and were weak at ST10 (Fig. 5O ). This indicated that the mutations of DTC1 caused a 217 defect in tapetum degeneration, a step that is important for releasing nutrients and several compounds 218 to growing pollen grains. In fact, from ST8 to ST10 was the period during which PCD signals were 219 intensive in the WT tapetum, coinciding with the time when primexine and exine were being formed. 220
221
Expression of Genes Encoding Secretory Proteins is Affected in dtc1 Anthers 222 223
To study the relationship between DTC1 and previously identified genes that function in anther 224 development, we monitored their expression by qRT-PCR analyses. We observed no obvious change 225 in expression levels of MSP1, DTM1, UDT1, TDR, and EAT1/DTD, suggesting that DTC1 may act 226 downstream of these genes ( Fig. 6A-E) . To verify this genetic hierarchy, we evaluated DTC1 227 transcripts in msp1, udt1, dtm1, and tdr mutants and found that their levels were lower than in the WT 228 (Fig. 7) . This further supported our belief that DTC1 functions later than the regulatory genes. 229
We then investigated genes that encode PCD effector or secretory proteins. Our qRT-PCR assay 230 showed a dramatic reduction in transcript levels of a cysteine protease-encoding OsCP1 and two 231 aspartic protease-encoding genes, AP25 and AP37, as well as OsC6, involved in lipid transport from 232 the tapetum to the pollen exine through the orbicules and CYP704B2, encoding fatty acid hydroxylase 233 (Fig. 6F-J) . In our WT, those genes were expressed at higher levels at ST9 than at ST8 but expression 234 was significantly reduced in the dtc1 anthers during those stages of development ( Fig. 6F-J) . These 235 findings indicated that DTC1 functions prior to the secretory pathway between tapetum and locule. 236
Our analytical results also suggested that DTC1 functions later than TDR at ST8b and before the 237 secretory genes that function at ST9 (Fig. 8) . Because DTC1 is a cytosolic protein, it may not directly 238 control the transcription of the later-expressed genes. Instead, a reduction in ROS accumulations in 239 the defective dtc1 tapetum might indirectly affect their expression. These second-hand changes in 240 transcript levels have also been observed in other male-sterile mutations in DTM1 and MTR1, which 241 are not transcription factor genes (Tan et al., 2012; Yi et al., 2012) . 242
243
DTC1 Binds to Metallothionein 244 245
To understand the biochemical mechanism by which DTC1 regulates tapetum development, we 246 screened our cDNA library of rice inflorescences (<5 cm panicles) to identify interacting partners via 247 yeast two-hybrid analyses. Because DTC1 protein does not have transcriptional activation activity, the 248 full-length DTC1 was used as a bait. Among the 33 positive colonies identified here, we selected 249 OsMT2b (LOC_Os05g02070) for further evaluation because it occurred at the highest frequency (5 250 colonies out of 33). 251
Because OsMT2b is located in the cytoplasm (Wong et al., 2004) , we tested whether DTC1 is also 252 localized there by performing a transient subcellular localization experiment. The full-length cDNA of 253 DTC1 was fused to sGFP and the fusion was placed under the UBIQUITIN (Ubi) promoter from Zea 254 mays. We also constructed an OsMT2b-mRFP fusion construct under that promoter. After both 255 molecules were transferred to protoplasts prepared from rice Oc cells, their expression was monitored 256 with a fluorescence microscope. This experiment showed that the GFP signal from our DTC1-sGFP 257 fusion coincided with the RFP signal driven by OsMT2b-mRFP in the cytosol (Supplemental Fig.  258 S3A). We also generated an OsMT-I-4b-mRFP fusion molecule under the Ubi promoter. OsMT-I-4b 259 is expressed in anthers (Hu et al., 2011) . In common with OsMT2b, OsMT-I-4b was also co-localized 260 with DTC1 in the cytoplasm (Supplemental Fig. S3B) . If OsMT2b and OsMT-I-4b are involved in tapetum degeneration, then one would expect that they 277 are expressed during early anther development when the dtc1 mutants exhibit their phenotypes. Our 278
qRT-PCR assays showed that OsMT2b was expressed in all examined tissues, i.e., shoots, roots, 279 mature leaves, and reproductive organs (Fig. 2E ). In the developing anthers, transcripts were 280 maintained at higher levels during the early stages before being reduced to a low level. This 281 expression pattern was in accord with that previously observed for GUS activity in a promoter-trap 282 line (Yuan et al., 2008) . Other researchers have also reported that OsMT-I-4b is expressed in roots and 283 anthers at later stages, i.e., ST10 and ST11 (Hu et al., 2011) . Therefore, all of these expression 284 patterns would explain why we did not detect OsMT-I-4b in our yeast screening assay with the 285 inflorescence cDNA library. 286
287
ROS Are Rarely Accumulated in dtc1 Anthers 288 289
Because MT proteins have ROS-scavenger activity (Wong et al., 2004; Hu et al., 2011) , the 290 interaction between DTC1 and MTs would suggest that DTC1 is involved in ROS homeostasis. 291 Therefore, we analyzed levels of the superoxide anion in WT and dtc1-1 anthers with nitroblue 292 tetrazolium (NBT), a widely used indicator that forms a dark-blue formazan precipitate when in 293 contact with superoxide (Bielski et al., 1980) . In WT anthers, staining was darkest during ST8 and 294 ST9, but weak at ST10 and ST11 (Fig. 10A) . In contrast, the degree of staining was much less in the 295 mutant at ST8 and ST9, showing that ROS levels were lower there. We quantified superoxide levels 296 using a water-soluble tetrazolium salt reagent (WST-1: Na,2-
disulfophenyl]-2H-tetrazolium), which is reduced by superoxide to a stable water-soluble formazan 298 with high molar absorptivity (Tan and Berridge, 2000) . As observed from the NBT assays, levels of 299 superoxide in the WT were highest at ST9 but reduced at ST10 and ST11 (Fig. 10B ). Tapetal PCD 300 was initiated early in anther development (ST8-ST9) when the levels of superoxide were increased. 301
These observations were consistent with other reports that ROS function as a signal for PCD (Fath et 302 al., 2001; Obara et al., 2001; Li et al., 2006; Muhlenbock et al., 2007) . In our dtc1 anthers, superoxide 303 levels remained low during all stages of development (Fig. 10B) . These results suggested that optimal 304 levels of ROS are required for PCD and that low amounts in mutant anthers delay tapetum 305 After meiosis, the rice tapetum undergoes PCD-triggered cellular degradation that is assumed to 313 provide nutrients and signaling molecules to support pollen development (Li et al., 2006; Li et al., 314 2011) . Tapetal PCD is characterized by sequential cytological processes, including cytoplasmic 315 shrinkage, DNA fragmentation, vacuole rupture, and swelling of the ER (Papini et al., 1999) . Tapetal  316 cell specification, development, and subsequent degeneration coincide very well with post-meiotic 317 events, and premature or delayed tapetal PCD frequently causes male sterility (Li et al., 2006; Li et al., 318 2011; Niu et al., 2013) . 319 Previous forward and reverse genetics studies have uncovered several key regulators of tapetal 320 PCD in rice. These include GAMYB (Aya et al., 2009; Liu et al., 2010) ; the bHLH transcription 321 factors UDT1 (Jung et al., 2005) , TIP2 (Fu et al., 2014) , TDR (Li et al., 2006; Zhang et al., 2008) , and 322 EAT1/DTD Niu et al., 2013) ; a PHD finger protein, PERSISTENT TAPETAL CELL1 323 (PTC1) (Li et al., 2011) ; a homolog of animal anti-apoptosis, APOPTOSIS INHIBITOR5 (API5) (Li 324 et al., 2011) ; and OsMADS3 (Hu et al., 2011 toxic by-products of aerobic metabolism in plants under abiotic stress (Miller and Mittler, 2006) . 334
Plants utilize various enzymes and non-enzymatic molecules to remove these toxins (Mittler et al., 335 2004) . These include the Cys-rich MTs, which are non-enzymatic, low-molecular-mass antioxidants 336 (Gechev et al., 2006; Hu et al., 2011) . Recombinant MT2b and MT-1-4b proteins show superoxide-337 and hydroxyl radical-scavenging activities (Wong et al., 2004; Hu et al., 2011) . A reduction in MT2b 338 or MT-1-4b expression results in the accumulation of ROS molecules in rice roots (Steffens and Sauter, 339 2009) and anthers (Hu et al., 2011) , respectively. Mutations in OsMADS3 cause decreased expression 340 of MT-1-4b, leading to higher accumulations of ROS molecules. Consequently, the mutants display 341 oxidative stress-associated defects such as brown-colored anthers with degenerated microspores that 342 result from oxidative damage to the lipid, protein, and other metabolic pathways (Hu et al., 2011; Qu 343 et al., 2014) . 344
In addition to their toxic effects, ROS are important signaling molecules that affect various plant 345 processes, e.g., root hair patterning and leaf development (Gechev et al., 2006; Miller et al., 2008) . 346
The superoxide anion radical and H 2 O 2 modulate plant cell death, including tapetal PCD (Bouchez et 347 al., 2007) . Here, we showed that OsMT2b is highly expressed at the early stages of anther 348 development and is likely a key player in reducing ROS levels. Consistent with its role in tapetal cells, 349 laser microdissection transcriptome analyses have indicated that OsMT2b is a tapetum-preferential 350 gene (Hobo et al., 2008) . Similarly, MT1a in Arabidopsis and Mzm3-4 in Zea mays are specifically 351 expressed in tapetal tissues (García-Hernández et al., 1998; Charbonnel-Campa et al., 2000) , 352
suggesting that these tapetum-specific MTs may have a conserved function among plant species. We 353 previously measured increased levels of ROS in rice anthers at ST9 but greatly reduced amounts at 354 ST10, which is consistent with the initiation of tapetal PCD (Hu et al., 2011) . The dtc1 anthers 355 contained less ROS, which probably delayed tapetal PCD. Furthermore, we found that DTC1 356 physically interacts with OsMT2b. We hypothesize that this interaction may inhibit the ROS-357 scavenging activity of OsMT2b. Mammalian MTs interact with zinc-dependent enzymes that are 358 capable of deactivating MTs (Atrian and Capdevila, 2013). However, suppression of ROS-scavenging 359 activity of MTs by an inhibitory protein has not been previously reported in plants. 360 In the absence of DTC1 in the dtc1 mutants, OsMT2b continuously eliminates ROS, such that 361 PCD is not induced in the tapetum. This indicates that temporal production of ROS is needed for 362 tapetal PCD. Our result is similar to that reported for Arabidopsis mutants in RESPIRATORY-BURST 363 OXIDASE HOMOLOG (RBOH) genes, which show delayed tapetal PCD and a reduced amount of 364 ROS signals when compared with WT anthers where the ROS level peaks during ST8 and ST9 before 365 decreasing at later stages (Xie et al., 2014) . Timely production of ROS is essential for proper initiation 366 of tapetal PCD. Pre-generation of ROS causes premature tapetal PCD and sporophytic male sterility 367 (Luo et al., 2013 Accordingly, levels of DTC1 transcript were reduced in tdr anthers. In addition, the dtc1 tapetum 382 displayed a phenotype of delayed PCD that was similar to tdr even though the tapetal cells were not 383 noticeably enlarged in the former (Li et al., 2006) . Therefore, we could again conclude that DTC1 384 functions later than TDR. TDR is a key transcription factor that controls tapetal PCD by inducing 385
OsCP1 and OsC6 (Li et al., 2006) . In addition, EAT1/DTD promotes tapetal PCD by increasing 386 aspartic proteases expression (Niu et al., 2013) . Expression of EAT1/DTD is reduced in tdr and eat1 387 tdr double mutants that have expanded tapetal cells similar to those of tdr. Although it is possible that 388 EAT1/DTD acts downstream of TDR in regulating tapetal PCD (Niu et al., 2013) , those two proteins, 389 EAT1/DTD and TDR, interact with each other Niu et al., 2013) . When compared with 390 the dtc1 phenotype, eat1 anthers had thicker and darker-stained tapetal cells at ST9. Therefore, 391 because EAT1/DTD transcript levels were similar between dtc1 and the WT, it seems that DTC1 392 functions later than EAT1/DTD. The promoter region of DTC1 contains an E box (CATGTG at -456 393 bp from ATG), which is a putative target sequence of bHLH transcription factors (Bouchard et al., 394 1998; Chinnusamy et al., 2003) . This sequence may be a binding site of the bHLH transcription 395 factors UDT1, TDR, and EAT1. 396
Transcripts of OsAP25, and OsAP37 --encoding aspartic protease --were diminished in dtc1 397 anthers. Likewise, OsC6 and CYP704B2, involved in lipid allocation and metabolism, were affected. 398
Those genes are down-regulated in tapetal PCD mutants such as tdr, eat1/dtd, and ptc1 (Li et al., 2006; 399 Li et al., 2011; Niu et al., 2013) . CP1, encoding Cys protease, is not as strongly expressed in dtc1 as 400 observed from eat1 (Niu et al., 2013) . However dtd, an allele of eat1, shows higher CP1 expression 401 when compared with the WT. This discrepancy may be due to the mutant position. Unlike eat1-1, the 402 mutation in that dtd allele does not affect the bHLH domain, suggesting that the partial CP1 fragment 403 in dtd may function negatively . Whereas their expression is maximized at later stages 404 of anther development (Hobo et al., 2008) , DTC1 is highly expressed during the early stages. Thus, 405 DTC1 may function prior to these secretory proteins. Ronald, 1999). Genotypes were determined by PCR, using gene-specific primers and T-DNA primers 416 (Supplemental Table S1 ) (Yi and An, 2013) . International, http://heraeus-dental.com), then sectioned to a 5-to 10-μm thickness, stained with 0.1% 423 toluidine blue, and observed with an Olympus BX61 microscope (Olympus, http://www.olympus. 424 com). Histochemical GUS-staining using the gene-trap line 1A-12132 (DTC1/dtc1-1) was performed 425 as described by Jefferson et al. (1987) . Afterward, the tissues were embedded and sectioned as 426 mentioned above. For staining of the superoxide anion, intact anthers were incubated in 10 mM 427 potassium-citrate buffer (pH 6.0) containing 0.5 mM NBT (Frahry and Schopfer, 2001) . 
20
The coding regions of DTC1, OsMT2b, and OsMT-I-4b were amplified using primers shown in 449 Supplemental Table S1 . The fragments were inserted into pGA3452 and pGA3574 vectors for sGFP 450 and mRFP tags, respectively (Kim et al., 2009 ). For Bi-FC, the coding regions of DTC1 and MTs 451
OsMT2b and OsMT-I-4b were fused to N-and C-terminal YFP (Venus) fragments (Waadt et al., 2008 ) 452 using primers listed in Supplemental Table S1 . YFP fluorescence can be detected if the expressed bait 453 and prey proteins interact in vivo (Walter et al., 2004) . Protoplast preparation from rice Oc cells and 454 transformation procedures were conducted as described by Moon et al. (2008) . After 12 h of 455 incubation at 25°C under darkness, the protoplast cells were examined under the Olympus BX61 456 microscope, which was equipped with filter sets for GFP, RFP, and YFP 457 458
Co-Immunoprecipitation Assays 459 460
For generation of DTC1-Myc, OsMT2b-HA, and OsMT-I-4b-HA fusion proteins, the coding regions 461 of their genes were amplified using the primer sets listed in Supplemental Table S1 . We used 462 pGA3697 and pGA3698 (Kim et al., 2009) blanks without anthers. After incubation, the samples were measured at 440 nm with a 475 spectrophotometer (Frahry and Schopfer, 2001) . 476
477
RNA Extraction and Quantitative RT-PCR 478 479
Total RNA was isolated and cDNAs were synthesized as described previously (Lee and An, 2015) . 480
Gene expression was monitored by quantitative RT-PCR (see Lee and An, 2015) . All experiments 481 were conducted at least three times, using three or more independent samples per experiment. Primers 482 for analyzing transcript levels are listed in Supplemental Table S1 . 
OsAP37 ( 
